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http:WHAT THIS PAPER ADDS?
Identiﬁcation of a non-invasive system that may reasonably predict the intolerance to cross-clamping during
carotid endartectomy is important in order to plan the correct therapeutical approach. Results of our analysis
demonstrate that MRA may identify patients at risk for intolerance and that two, or more, interruptions of the
Circle of Willis are associated with high risk of intolerance to cross-clamping.Purpose: During carotid endarterectomy (CEA), an intolerance to the cross-clamping (CC) can occur. The purpose
of this study was to evaluate whether preoperative magnetic resonance angiography (MRA) can predict CC
intolerance.
Material and methods: Seventy-one patients (57 males, 14 females, mean age 71.8 years, age range 46e86
years) underwent 71 CEA procedures under local anaesthesia. Before CEA, patients underwent an MRA of the
Circle of Willis (CoW) and were then classiﬁed into three groups: group A consisted of patients with a complete
CoW, group B included patients with one agenesia/obstruction in the CoW and group C comprised patients with
two or more agenesiae/obstructions in the CoW. The association between the number of anatomical variants in
the CoW, corrected for the status of the contralateral carotid artery, and the onset of CC intolerance was
evaluated.
Results: The prevalence of intolerance to CC was 15.5% (11/71). The Fisher test and logistic regression analysis
showed a statistically signiﬁcant association between the intolerance to CC and two or more agenesiae/
obstructions in the CoW (p value < 0.00001 and p < 0.001, respectively). No neurological complications were
observed.
Conclusion: The results of our study showed that two or more agenesiae/obstructions of the CoW identiﬁed by
MRA were associated with a high risk of intolerance to CC during CEA.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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effective method to prevent stroke in the short- and long-
term period in patients with severe internal carotid
stenosis.1e3 During CEA, carotid cross-clamping (CC) is per-
formed to allow for artery incision and the removal of pla-
que. However, the role of the CEA is mainly related to its
‘safety’ (low incidence of post/peri-procedural complica-
tions). Carotid CC causes blood ﬂow reduction to the Circle of
Willis (CoW), and some patients show intolerance to CC; in
these cases, it is necessary to use a temporary shunt. The
incidence of intolerance to carotid CC varies between 7% and
30% according to different studies.4e6 Differences in the
incidence mainly depend on the use of different methods forrresponding author.
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//dx.doi.org/10.1016/j.ejvs.2012.11.012detecting neurological deﬁcits or for cerebral perfusion
analysis, such as the trans-cranial Doppler (TCD).
Because of the risk of cerebral ischaemia during carotid
CC, it is mandatory to adopt methods of cerebral monitoring
that can rapidly and effectively reveal any sign of intolerance
and indicate the need for the intra-operative use of a shunt.
Monitoring of cerebral functions can be achieved through
both clinical and instrumental means. In the clinical case,
local anaesthesia allows for continuous and direct moni-
toring of cerebral functions when the patient is invited to
answer the surgeon or to perform somemovements with the
contralateral upper limb (i.e., squeeze a rattle). Monitoring
of neurological status can also be performed in cases of
general anaesthesia by using short-action drugs (i.e., remi-
fentanil); immediately before carotid clamping, infusion of
the drug is suspended, the patient regains consciousness and
is asked to squeeze a toy in his or her contralateral hand.7,8
Many centres opt for instrumental monitoring with elec-
troencephalography (EEG), or somatosensory evoked
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ation of the cerebral function or a deﬁcit in the intracranial
ﬂow. However, these surveys are complex, expensive and
require expert operators. Some authors eschew the use of
any cerebral monitoring devices and propose the routine use
of the shunt; however, this practice carries a signiﬁcant risk
of complications (mainly distal dissection of the internal
carotid artery) due to shunt placement. Therefore, the
selective use of the shunt for cases of CC intolerance is the
ﬁrst choice of most operative groups.9e11
Local anaesthesia is largely used for CEA.12 The onset of
intolerance to the CC during CEA under local anaesthesia
can produce difﬁculties in the management of the patient
because of a loss of consciousness, convulsions, respiratory
problems and haemodynamic instability.
The purpose of this study was to evaluate whether
preoperative magnetic resonance angiography (MRA) eval-
uation of the CoW can predict CC intolerance.MATERIAL AND METHODS
Patient population
Between October 2010 and December 2011, 71 patients (57
males and 14 females) in the age range of 46e86 years
(mean age 71.8 years) underwent 71 carotid endarterec-
tomies under local anaesthesia. Each patient signed an
informed consent and was informed about the potential
risks related to the general co-morbidities, occlusion or
severe stenosis of the contra-lateral carotid or reduction of
the intracranial collateral circulation.
The degree of carotid stenosis was assessed according to
the European Carotid Surgery Trial criteria2 by using
preoperative Duplex scans and computed tomography (CT)
angiography of the epiaortic vessels. The decision for
surgical treatment was based on SPREAD guidelines.13
Nineteen patients had signiﬁcant bilateral carotid artery
stenosis (>70%), and the contralateral carotid artery was
obstructed in six additional patients. All patients underwent
an MRA study of the CoW. The patients were classiﬁed into
three groups: group A included patients with a complete
CoW, group B consisted of patients with one agenesia/
obstruction in the CoW and group C included patients with
two or more agenesiae/obstructions in the CoW.
All CEAs were performed under local anaesthesia. During
the procedure, the patient was invited, before, during and
after the CC, to answer some questions and to squeeze
a toy (rattle) in the contralateral hand to check for intol-
erance to the carotid CC. In cases of CC intolerance, a sili-
cone T-Tube (Pruitt-Inahara shunt, Le Maitre Vascular,
Burlington, MA, USA) was inserted through the same arte-
riotomy used for the CEA.MR technique
All examinations were performed with a Gyroscan 1.5-T
superconducting magnet (Philips, Best, The Netherlands). In
all patients, a three-dimensional (3D) time of ﬂight (TOF)
MRA of the CoW was performed. 3D multislab TOF MRangiograms were obtained from the petrous portion of the
internal carotid artery to the level of the genu portion of the
corpus callosum by using the following imaging parameters:
25-35/3-7/1 (TR/TE/excitation), a ﬂip angle of 20, ﬁve slabs,
an effective section thickness of 0.8 mm, a ﬁeld of view of
200 mm and a matrix of 256  256 pixels. The angiographic
images were reconstructed with a maximum intensity
projection (MIP) and volume-rendering (VR) algorithms.
Identiﬁcation of variants in the CoW
The presence of anomalies in the CoW on preoperative 3D
TOF MR angiograms (Fig. 1) was evaluated. The following
arteries were evaluated: the anterior communicating artery
(AcoA), the A1 segments, the P1 segments, and the left and
right posterior communicating arteries (PcoAs). As previ-
ously described by Hoksbergen et al.14 we used a forced-
choice method (absent or present) in the decision analysis
and those arteries that could not be visualised were deﬁned
as absent, while those that could be visualised were deﬁned
as present. We dedicated special care to differentiating the
PcoAs from the anterior choroidal arteries by scrolling
through the sections and sequentially determining the
course of the arteries. The communication of the PcoA with
the posterior cerebral artery had to be visualised for
deﬁning the PcoA.
Because the purpose of this work was to explore the
association between agenesiae/obstructions in the CoW
and intolerance to carotid CC, in the case of fusion of the
anterior cerebral arteries (absence of AcoA) the anterior
collateral pathway was deﬁned as functional and therefore
not absent.
After review of 3D TOF MR angiograms, CoWmorphology
was classiﬁed as an optimal communicator when no
anatomical variations were detected, sufﬁcient communi-
cator when one variation was detected and poor commu-
nicator when two or more variations were identiﬁed.
Two experienced vascular radiologists with 6 and 4 years
of experience in MRA imaging evaluated the CoW inde-
pendently, and the inter-observer concordance was tested.
In the case of disagreement between the observers,
a consensus was reached by consulting a third senior radi-
ologist with 9 years of experience in MRA imaging.
Statistical analysis
The prevalence of CC intolerance was expressed as cases
per 100, and 95% conﬁdence intervals (CIs) were calculated
according to the Poisson distribution.
The association between agenesia/obstruction in the
CoW and age was analysed with the KruskaleWallis test.
The association between agenesia/obstruction in the CoW
and gender, smoking habit, hypertension, diabetes, hyper-
cholesterolaemia, CC intolerance and contralateral ICA
stenosis was analysed with the Fisher chi square test.
The potential confounding effect of contralateral ICA
stenosis on the association between CC intolerance and the
agenesia/obstruction in the CoW was explored through
a multivariate logistic regression. CC intolerance was the
Figure 1. Panel A: In a 63 year old male patient, the CoW is complete. Panel B: The CoW shows one break (agenesia/obstruction) at the
level of the right A1 segment (white arrow). Panel C: The CoW shows two breaks at the level of the right A1 segment (white arrow) and in
the left PcoA (white arrowhead). Panel D: The CoW shows three breaks at the level of the right A1 segment (white arrow) and in both of
the PcoA (white arrowheads).
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contralateral ICA stenosis were the independent variables.
The logistic regression was calculated according to a back-
ward stepwise procedure, which deleted non-associated
variables from the model.
The MRA validity in predicting the CC intolerance was
evaluated through sensitivity, speciﬁcity, and positive
predictive value (PPV) and negative predictive value (NPV)
analyses.
Agreement between observers in the CoW categorisation
was calculated using a Cohen kappa test.
Statistical Package for the Social Sciences (SSPS) 18.0
(SSPS INC, Chicago, IL, USA) software was used to perform
the statistical analysis.RESULTS
The Cohen test between radiologists showed an extremely
high kappa value (kappa ¼ 0.93) by demonstrating an
optimal inter-observer concordance.
In Table 1, the demographic characteristics and risk
factors were categorised according to the group (A, B or C)
of the cohort and with the associated comparative analysis
that showed that there were no differences between the
cardiovascular risk factors among the three groups.
In all 71 cases, the surgical procedure was completed, and
removal of the plaque and restoration of blood ﬂow to the
brain hemisphere was achieved. Among the 71 CEA proce-
dures, 11 patients showed CC intolerance (prevalence of15.5%). In 10 patients, motor weakness (an inability to move
the contralateral hand) along with mental confusion or loss
of consciousness occurred, and convulsions and respiratory
distress occurred in one patient. In the patients with CC
intolerance, a PruitteInahara shunt was placed, resulting in
prompt (within 1 min) restoration of consciousness and
neurological functions in 10 patients and a slower restora-
tion (within 2 min) in one patient.
Table 2 shows the association of CC intolerance with the
presence of 0, 1, 2 or more agenesiae/obstructions in the
CoW, as previously identiﬁed with MR. The statistical anal-
ysis demonstrated that the presence of two or more
agenesiae/obstructions in the CoW is statistically associated
with the risk of developing CC intolerance, whereas the
other factors (ipsilateral, contralateral carotid stenosis and
preoperative symptoms) are not signiﬁcantly associated.
The sensitivity, speciﬁcity, PPV and NPV were calculated
and the following results were found: sensitivity 82%
(probability of having two agenesiae/obstructions in the
CoW in patients with CC intolerance), speciﬁcity 90%
(probability of having zero or one agenesia/obstruction in
patients without CC intolerance), PPV 60% (probability of
a patient having CC intolerance when the CoW has two
agenesiae/obstructions), NPV 96% (probability of a patient
not having CC intolerance when the CoW has zero or one
agenesia/obstruction).
Logistic regression analysis was also performed by using
a backward stepwise procedure to evaluate the association
between CC intolerance and complete CoW, one agenesia/
Table 1. Demographic characteristics and risk factors.
Group A
(complete CoW)
Group B
(one agenesia/obstruction
in the CoW)
Group C
(two or more agenesiae/
obstructions in the CoW)
P value
Patients 35 21 15
Gender
Male 24 19 14 0.069a
Female 11 2 1
Age (mean) 71.85 (SD 7.25) 71.61 (SD 9.57) 73.06 (SD 5.16) 0.60b
Smoking
None or abstinence >10 yr 13 2 2 0.12a
Abstinence 1e10 yr 18 14 11
Current 4 5 2
Hypertension
None 1 3 0 0.29a
Hypertension requiring one-drug
treatment
14 6 5
Hypertension requiring two-drug
treatment
12 8 3
Hypertension requiring three-drug
treatment (or more)
8 4 7
Diabetes
None 25 12 9 0.33a
Adult onset, no insulin 8 8 4
Adult onset, insulin 2 1 2
Juvenile onset 0 0 0
Hypercholesterolaemia
<160 mg/100 ml 12 10 6 0.61a
150e220 mg/100 ml 18 10 6
>220 mg/100 ml 5 1 3
a Fisher’s Exact Test.
b KruskaleWallis Test.
110 European Journal of Vascular and Endovascular Surgery Volume 45 Issue 2 February/2013interruption in the CoW, two or more agenesiae/interrup-
tions in the CoW and contralateral ICA stenosis. In the
stepwise procedure, contralateral ICA stenosis was not
signiﬁcantly associated and did not show confounding
effects; therefore, it was deleted from the model. The
logistic regression model indicated that the presence of
two agenesiae/obstructions versus complete CoW had
a statistically signiﬁcant risk to develop CC intolerance
with a p value < 0.001 (odds ratio (OR) 51; 95% CI from 5.4
to 479.5) while there was not a statistically signiﬁcant
difference in the risk to develop CC intolerance between
the presence of one agenesia/obstruction in the CoW
versus complete CoW (p value ¼ 0.71; OR 1.7; 95% CI from
0.1 to 28.7).
At the end of the CEA, the patients underwent neuro-
logical evaluations and no complications were observed.
The patients who tolerated CC were discharged on post-
operative day 2, while the patients who had shown CC
intolerance were discharged on postoperative day 3.
DISCUSSION
During CEA, most vascular surgical teams use a shunt only in
patients who show neurological signs of intolerance to
CC.9e11 Therefore, a method that reliably predicts CC
intolerance is useful to alert the surgical/anaesthesiological
team about the potential need for a vascular shunt and for
more complex anaesthesiological management.MRA is a non-invasive method that does not require the
injection of contrast material and is widely used for the
assessment of the CoW morphology. This technique has
some advantages compared to the TCD because of the
higher reproducibility and compared to the arteriography
because of the absence of procedural risks.4 The previous
observation that the MRA of the CoW is useful for pre-
dicting cerebral ischaemia4 represents an important issue.
In our study we found that the absence of collateral
cerebral blood ﬂow evaluated byMRA is strictly related to the
risk of cerebral ischaemia during carotid CC. Furthermore, we
observed a statistically signiﬁcant association between two or
more agenesiae/obstructions in the CoW and intolerance to
CC (p value ¼ 0.0001). These results are concordant with
a previous study by Bagan et al.4 where the authors des-
cribed the presence of intolerance to CC in the CoW with
a conﬁguration type 5 type 14 and type 15 according to the
Lazorthes’ conﬁguration.15 Our study differs from that of
Bagan et al.4 because to the best of our knowledge, it is the
ﬁrst study to demonstrate that the number of agenesiae/
obstructions in the CoW are signiﬁcantly associated with the
intolerance to CC, independent of the CoW conﬁguration (p
value ¼ 0.0001).
In the past, TCD has also been proposed as predictive
method for the evaluation of carotid CC intolerance,
assuming that the carotid compression test exactly repro-
duces the haemodynamic variations induced by carotid CC
Table 2. CoW characteristics related to carotid clamping intolerance, ipsi- and contra-lateral carotid stenosis and preoperative symptoms.
Group A
optimal communicator
(complete CoW)
Group B
sufﬁcient communicator
(one agenesia/obstruction
in the CoW)
Group C
poor communicator
(two or more agenesiae/
obstructions in the CoW)
P value
Endarterectomies 35 (49.3%) 21 (29.6%) 15 (21.1%)
CC intolerance 1 (2.9%) 1 (4.8%) 9 (60%) p < 0.00001a
Ipsilateral carotid stenosis
70e79% 19 11 9 p ¼ 0.73a
80e89% 7 7 4
90e99% 9 3 2
Contralateral carotid stenosis
0e70% 20 15 11 p ¼ 0.74a
70e99% 12 4 3
Total occlusion 3 2 1
Preoperative symptoms
Asymptomatic 28 12 10 p ¼ 0.26a
Single TIA 5 4 2
Multiple TIA 1 2 0
Stroke 1 3 3
a Fisher-test.
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formed due to the absence of a temporal bone window,17
and common carotid compression test does not simulate
the exact haemodynamic conditions during endarterectomy
when the external carotid artery is clamped. Therefore, TCD
could underestimate the effective perfusion pressure real-
ised during surgery.
The possibility to predict CC intolerance is a key element
in surgical decision making because it provides patients
with more information to make an informed decision.
Moreover, this information helps the surgical and anaes-
thesiological teams determine the appropriate type of
anaesthesia and the necessary experience level of the
operators. Local anaesthesia is a valid method of clinical
neurological monitoring that is simple, inexpensive and
does not require intra-operative instrumental monitoring.
However, the management of a patient under local anaes-
thesia can become difﬁcult in the case of CC intolerance,
especially during the period when shunt placement is
necessary to restore neurological functions. This event
occurs in a minority of cases, but it makes this surgical
phase highly dramatic and potentially dangerous.
The normal anatomy of the CoW protects the patient
from ischaemia because it allows the perfusion of all
cerebral areas, even when an internal carotid artery is
clamped. Even when the contralateral internal carotid
artery is occluded, CC often does not induce ischaemia
despite the brain being perfused only via the basilar artery.
However, in presence of anomalies of the CoW, the perfu-
sion of some cerebral areas can become insufﬁcient and
produce clinical neurological deﬁcits. This event occurs
when the perfusion pressure in some cerebral areas drops
to critical levels.18,19 The elements that can determine this
drop in perfusion pressure are as follows: (1) the structure
of the vascular system (in particular the CoW); (2) the
presence of critical extra- and intra-cranial stenosis,
contralateral carotid occlusion or stenosis/occlusion of thevertebral and/or basilar arteries and (3) the arterial blood
pressure. These elements, variously combined, can inﬂu-
ence a cerebral perfusion deﬁcit. In particular, our experi-
ence seems to demonstrate that when two or more
agenesiae/obstructions in the CoW are present, a cerebral
perfusion deﬁcit is highly probable. The presence of only
one agenesia/obstruction in the CoW, not associated to
contralateral carotid occlusion or low blood pressure,
appears to be insufﬁcient to determine intolerance during
carotid clamping. The presence of two or more agenesiae/
obstructions in the CoW is an infrequent, but not rare,
event. The location of the anomalies of the CoW can
inﬂuence the extent of the hypo-perfused cerebral area and
consequent clinical signs.
The role of contralateral carotid occlusion or stenosis did
not appear to be a determinant in this study. However, this
fact could be attributed to the small number of the patients
in the cohort with this condition. The relationship between
the presence of contralateral occlusion and the onset of CC
intolerance has been assessed previously in both symp-
tomatic and asymptomatic patients.20
In our experience the correlation between the presence
of at least two CoW agenesiae/obstructions and the onset
of carotid clamping intolerance was highly statistically
signiﬁcant. In those cases in which there was no intolerance
to carotid clamping despite the presence of two CoW
agenesiae/obstructions, it is likely that a very small cerebral
area or a neurologically insigniﬁcant area was hypo-
perfused. Further studies are necessary to better deﬁne the
role of CoW anatomy and the site of breaks together with
the state of the contralateral artery, the vertebrobasilar
circle and haemodynamic status.
As shown in Table 2 the prevalence of CoW variation was
50.7% (36/71) and this result is in agreement with previous
anatomic studies.21,22
The Cohen test between radiologists showed an
extremely high kappa value (kappa ¼ 0.93), indicating that
112 European Journal of Vascular and Endovascular Surgery Volume 45 Issue 2 February/2013the MRA interpretation of the CoW conﬁguration is quite
reproducible.
This series presents a potential limit due to the cohort
size. In order to have 80% power of detecting the associa-
tion between CC intolerance and the presence of agene-
siae/obstructions in the CoW, each group should include 23
patients. However, the difference among the three groups is
highly signiﬁcant (Fisher p value < 0.00001); this result
allows one to achieve the goal to demonstrate a statistical
difference in the presence of CC intolerance among patients
with 0, 1 or 2 interruptions in the CoW.
Further investigations with a larger sample size are
necessary for in-depth analysis of potential inﬂuence of
other factors such as the status of the extra-cranial arteries.
A precise knowledge of the risk of CC intolerance could
inﬂuence the therapeutic strategy.
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